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Ab-initio calculations based on density functional theory (DFT) are performed to study the struc-
tural, electronic, and magnetic properties of two-dimensional (2D) free-standing honeycomb CrAs.
We show that CrAs has low buckled stable structure. Magnetic CrAs has larger buckling than
non-magnetic CrAs. 2D-CrAs is a ferromagnetic semiconductor for lattice constant a ≤ 3.71A˚, and
above this lattice constant CrAs is a half-metal ferromagnet. 2D-CrAs is shown to be half-metal
ferromagnetic with magnetic moment of 3.0µB per unit cell, at equilibrium structure. The d
2
z orbital
of eg band is completely empty in the spin-down state whereas it is almost occupied in the spin-up
state, and the magnetic moment in the eg band is mainly dominated by the d
2
z orbital of Cr. The
dzx/dzy and dxy orbitals of t2g band are partially occupied in the spin-up state and behaves as metal
whereas they are insulator in the spin-down state. Phonon calculations confirm the thermodynamic
stability of 2D-CrAs. The ferromagnetic (FM) and antiferromagnetic (AFM) interaction between
the Cr atoms reveal that the FM state is more stable than the AFM state of 2D-CrAs.
Much attention has been devoted to discover new
two-dimensional (2D) materials due to their exceptional
properties such as high electrical conductivity, mechan-
ical strength, band tunability, after the discovery of
graphene.1–4 New 2D elemental materials with a band-
gap such as silicene, germanene, stanene, phosphorene,
arsenene, etc.5–12 have nevertheless been discovered in
the last decade. Most of these 2D materials are non-
magnetic semiconductors. To utilize these 2D materi-
als in spintronic devices, either intrinsic defects or mag-
netic impurity atoms are used to induce magnetism in 2D
materials.13 In the recent past we explicitly focused on
developing magnetism in non-magnetic 2Dmaterials.14,15
However, it costs energy to induce magnetism in non-
magnetic 2D materials. Hence, it is quite natural to
search for intrinsic ferromagnetic (FM) 2D materials for
possible usages in carrier injection, detection, sensors,
magnetic storage, and emergent heterostructure devices.
The quest for 2D FM materials16 is very young and ef-
forts are under way to discover new intrinsic FM ma-
terials that can replace the conventional bulk magnetic
materials.
Recently, the successful fabrications of 2D FM semi-
conductors, e.g., CrI3
17 and Cr2Ge2Te6,
18 magnetism in
2D materials got particular attention due to their poten-
tial for nanoscale device applications. Experimentally,
Cr2Ge2Te6 was achieved through exfoliation, and CrI3
was obtained and proved to be an Ising ferromagnet with
Curie temperature Tc of 45 K. First-principles calcula-
tions also show that monolayers of CrSnTe3, CrSiTe3,
and CrGeTe3 are FM semiconductors.
19 The magnetic
moment carried by the Cr3+ ions, which are arranged
in a honeycomb lattice structure and octahedrally coor-
dinated by nonmagnetic I- ions, is aligned in the out-of-
plane direction by anisotropic exchange interaction medi-
ated by the I-ions.20–22 Here we propose 2D-CrAs which
also shares the honeycomb like arrangement of Cr atoms,
hence it is expected that monolayer CrAs can be another
2D FM material. Bulk CrAs got particular attention
in 2000 when Akinaga et al.23 announced the success-
ful synthesis of metastable Zincblende(ZB)-type CrAs on
GaAs substrate using molecular beam epitaxy (MBE),
and they found FM behavior at room temperature. Bulk
NiAs-type and MnP-type CrAs are found to be antifer-
rimagnetic (AFM) metals,24,25 whereas ZB-type CrAs is
half-metal FM. The main purpose of the present work is
to study the electronic and magnetic structures of mono-
layer of honeycomb like CrAs (see Fig.S1), and to inves-
tigate whether CrAs prefers planar, low buckled, high
buckled, FM, AFM, metallic, semiconductor, metal, or
half-metallic structure.
Ab-initio calculations based on density functional the-
ory (DFT) are performed with the plane-wave and
pseudopotential method implemented in the Quantum
Espresso package.26 The exchange and correlation energy
and potential were calculated with the Perdew-Burke-
Ernzerhof (PBE) parametrization27 of the generalized
gradient approximation (GGA). The ultrasoft pseudopo-
tentials were parameterized with the recipe of Rappe,
Rabe, Kaxiras and Joannopoulos.28 The electron wave
function was expanded in a plane wave basis set cut-off
of 50 Ry. A dense 20×20×1Monckhorst-Pack grid29 was
used for the k-points, which gave a fine reciprocal-space
grid and hence a rather high accuracy. A vacuum slab
of 15 A˚ was used in the direction normal to the plane of
arsenene to ensure the absence of interlayer interactions
in that direction. The convergence of all computational
parameters was checked carefully. Phonon dispersion cal-
culations were performed based on the DFPT30 using the
ABINIT code.31
2Before we present our work on monolayer CrAs, atten-
tion will be given to the bulk CrAs. The structural and
magnetic properties of bulk CrAs are studied using NiAs-
type (hexagonal), MnP-type CrAs, and ZB-type CrAs.
All the calculations were carried out in non-magnetic
(NM, non-spin polarized) and magnetic (M, spin polar-
ized) states. From the DFT total energy calculations,
the cohesive energy Ec is evaluated as Ec=E(CrAs)-
[E(Cr)+E(As)], where E(CrAs), E(Cr), and E(As) is the
total energy of CrAs in the respective phase, atomic Cr,
and atomic As, respectively. Fig.S2 summarizes the co-
hesive energy vs lattice constant of CrAs. Our calculated
lattice volume per formula unit (f.u.) of MnP-, ZB- and
NAs-type CrAs in M state is 33.4A˚3, 46.6A˚3 and 33.38A˚3,
respectively. These values are comparable with the pre-
vious values.25. The calculated cohesive energy/f.u. of
ZB- and NAs-type CrAs in the M state is -6.4 eV and
-6.8 eV, respectively. It shows that bulk NiAs-type CrAs
is more stable than ZB-type CrA. The calculated mag-
netic moment per unit cell of ZB- and NAs-type CrAs
is 3.0µB and 4.85µB, respectively. The electronic struc-
tures revealed that ZB-type CrAs is half-metal, whereas
NiAs-type CrAs is a ferromagnetic metal. These values
also agree with the previous theoretical values.25
Mostly monolayers prefer either buckled or puckered
structure except graphene which adopts the planar ge-
ometry. Thus it is very essential to investigate whether
our proposed material adopts the planar, low buckled, or
high buckled structure. A buckled structure is always ex-
pected to sustain larger tensile strain than a planar struc-
ture. Hence, it is very important to find the optimized
structure of 2D-CrAs, and for this purpose we carried out
extensive total energy calculations using different lattice
constant a and buckling height δ. Fig.S3 shows the calcu-
lated cohesive energy per unit cell vs buckling of 2D-CrAs
in the NM and M states. It is clear to see that the M state
always has lower energy than the NM state, hence, it is
legitimate to call 2D-CrAs as magnetic 2D-CrAs. The
smaller lattice constant prefers highly buckled structure,
whereas the larger lattice constant keeps CrAs in a low
buckled state. As the lattice constant is increased, the
buckling is washed out which is consistent with our recent
work on arsenene.32 From these calculations it is possi-
ble then to infer that each lattice constant has its own
buckling parameter, which will have a strong influence
on the physical properties of each case.32 Using the data
of Fig.S3, the buckling parameter for each lattice con-
stant and the optimized lattice constant are summarized
in Fig.1.
Fig. 1 shows the optimized buckling calculated for each
lattice constant in M and NM case. The buckling height
decreases with lattice constant in either case. Magnetic
CrAs always have larger buckling as compared with NM.
The larger value of buckling in the M state is due to mag-
netostriction in CrAs. CrAs prefers planar structure in
N (M) state for lattice constant ≥ 4.0 (4.2)A˚. Fig.1 also
shows the cohesive energy of 2D-CrAs in the M state,
and one can see that the optimized a is 4.05A˚, and buck-
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FIG. 1: Calculated cohesive energy (left) and optimized buck-
ling (right) vs lattice constant of 2D-CrAs. The black solid
line/circle shows the cohesive energy in the M state, whereas
the red solid (open) circle shows the buckling in M (NM)
state.
ling is 0.49A˚.Note that the value of buckling in 2D-CrAs
is different from elemental 2D-materials, i.e., graphene,
silicene, etc.33 The cohesive energy of 2D-CrAs is also
shown in Fig.S1 for comparison. The calculated cohesive
energy is evaluated to be -5.4 eV, which is (1.0 eV) 1.4
eV larger than the (ZB) NiAs-type CrAs. We must stress
that ZB-CrAs is also a metastable phase of CrAs, but it
has been successfully achieved experimentally over a suit-
able substrate.23 Thus we believe that 2D-CrAs could
also be achieved. The calculated a and δ of CrAs can
be compared with arsenene which are 3.61A˚ and 1.39A˚,
respectively.32 So, it can be inferred that Cr doping in
arsenene will increase the lattice constant and decrease
the buckling, which is in agreement with our analysis of
Fig.S3. We must note that the optimized lattice con-
stant in the M case lies between 4.0 and 4.2A˚, (see Fig.1)
which implies that 2D-CrAs has low buckled structure.
It is also essential to mention that in NiAs-type CrAs the
buckling height is about 1.34A˚. Therefore, reducing the
dimensionality (making monolayer) of a material is also
reducing the buckling height which will also change the
hybridization between Cr and As atoms.
Fig. 2 shows the calculated magnetic moment per unit
cell as a function of buckling for different lattice con-
stants. For the planar CrAs, the magnetic moment in-
creases as the lattice constant increases and attains a
maximum value of 3.0µB when a > 3.70A˚. The magnetic
moment also increases with buckling and attains maxi-
mum value 3.0µB, the buckling at which the magnetic
moment saturates shifts to lower buckling as the lattice
constant is increased. For a > 3.70A˚ the magnetic mo-
ment remains 3.0µB until the buckling is ≤ 0.08, and
beyond this buckling the magnetic moment is further in-
creased to 4.5µB. As the lattice is increased the buckling
is reduced and the low buckled structure always attains
the integer value of magnetic moment—a prerequisite for
half-metal ferromagnet. Note that the calculated mag-
netic moment 3.0µB of 2D-CrAs in the ground state in-
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FIG. 2: Calculated magnetic moment (in µB) per unit cell vs
buckling of 2D-CrAs for different lattice constants (in A˚).
dicates that the oxidation state of Cr is +3. However, the
increase in the magnetic moment with buckling mainly
happens due to charge transfer34 and this charge trans-
fer may change the oxidation state of Cr in CrAs. We
must also note that the oxidation state of Cr is different
in different compounds.35
It will be interesting to investigate the electronic struc-
ture of 2D-CrAs in the NM and M states to see how Cr
and As bond with each other and how magnetic moment
is formed. Fig.S4 shows the calculated electronic den-
sity of states (DOS) at optimized a and δ in the NM
state. For all lattice constants, 2D-CrAs has large DOS
at the Fermi level, i.e., CrAs shows metallic behavior
in the NM state. The d-orbital is further decomposed
into t2g and eg states. The t2g and eg electrons stay at
the same energy at smaller lattice constant. However,
at larger a (7.6 Bohr), an isolated sharp peak at 2 eV
below the Fermi energy can be seen and this sharp peak
is mainly contributed by the t2g electrons of Cr. Due to
the same orbital symmetry of t2g and p electrons of As,
strong bonding can be seen. The metallic character in
the NM state is mainly contributed by the t2g electrons
of Cr. Nevertheless, the large DOS at the Fermi energy
is an indication of magnetic instability.
Fig.S5 shows the calculated total DOS and projected
DOS (PDOS) in the spin-polarized case. One can clearly
see that 2D-CrAs is a magnetic semiconductor for a ≤ 7.0
(Bohr), and above this lattice constant CrAs is true half-
metal ferromagnet. Thus we can claim that compressive
strain drives 2D-CrAs into semiconducting state, whereas
tensile strain brings 2D-CrAs into half-metallic state.
The half-metallic character is consistent with the inte-
ger magnetic moment of CrAs. One sees that t2g and
eg bands are partially occupied in the spin-up states,
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FIG. 3: Calculated electronic band structure of 2D-CrAs.
The horizontal line shows the Fermi energy, which is set to
zero eV.
whereas the eg band is completely empty in the spin-
down states. Therefore, it can be concluded from this
figure that strain can play a major role to tune the elec-
tronic structure of 2D-CrAs. The large bandgap in the
spin-down states suggest that 2D-CrAs can be a possible
candidate for spintronics where 100% spin-polarization is
needed.
In Fig. 3 we present the corresponding spin-dependent
energy bands of 2D-CrAs at optimized a and δ along
high-symmetry directions in the Brillouin zone. There is
one band (M-Γ-K) in the spin-up state which is crossing
the Fermi energy making it metallic. This band has a
hole like character. On the other hand, one can see two
bands are crossing the Fermi energy near K-point (K-Γ).
The crossing band at K-point has electronic like behavior.
In the spin-up state a non-bonding band, contributed by
Cr d orbitals, around 1 eV below the Fermi energy can be
seen. The spin-down band does not show any band at the
Fermi energy and it behaves as a semiconductor. There
is about 2.40 eV bandgap at the M point and 1.90 eV
bandgap at the K-point in the spin-down state. Hence,
2D-CrAs has a half-metallic band structure and such a
band structure can play an essential role in the transport
properties of spintronic nano devices. Careful analysis
of the band structure of 2D-CrAs shows that the band-
width of the 2D-CrAs for p + d is about 7 eV which is
lesser than 12-13 eV of the 3D-CrAs.36 Hence, 2D-CrAs
seems a strongly correlated system differently from 3D-
CrAs.37 We must stress that electrons close to the Fermi
energy are very important from transport point of view,
and it is very essential to see the Fermi surface of 2D-
CrAs. The Fermi surfaces of 2D-CrAs are calculated in
the NM and M states (see Fig. S6). As the NM 2D-
CrAs shows metallic behavior and the calculated Fermi
surface shows two concentric cylinders centered at the
BZ of CrAs. Once can also see small six electron pock-
ets. The spin-up Fermi surface composed of two bands
that cross the Fermi energy and it has hole like nature,
whereas one band has electronic like nature.
At the optimized a and δ, the total magnetic moment
is calculated to be 3.0µB per unit cell. Our further anal-
ysis of Lowdin charges shows that the magnetic moment
is mainly contributed by t2g and eg orbitals of Cr that
4 
FIG. 4: Spin Density contours of FM 2D-CrAs (a) VB Spin
up (b) CB Spin Up , (c) VB Spin Down (d) CB Spin Down,
inset shows the scale
give about 2.07 µB and 1.47 µB, respectively. On the
other hand, the p electrons of As also has a small in-
duced magnetic moment of -0.70 µB. Fig.4 further shows
the calculated spin density in the magnetic state in the
spin-up and spin-down states near the conduction and
valance band edges. In spin-up state the spin density is
mostly localized around the Cr atoms and minor contri-
bution from the As atoms, whereas the contribution of
As atoms is slightly increased in the conduction band.
The spin density around the As atoms is spherically dis-
tributed which implies a covalent bonding with Cr atoms.
In the spin-down case, the spin density is mostly localised
around the As atoms near the valence band edge and the
spin density around the As atoms is not spherically dis-
tributed but rather pointing towards the Cr atoms. Close
inspection of Fig. 4 shows that the Cr (As) spin density
has dxz/dyz (pz)-like character and no orbitals (t2g–p)
repulsion can be seen. Such a polarized density between
the Cr and As atoms brings them in the bonding state.
On the other hand, no spin density around the As atoms
in the conduction band can be seen in the spin-down
state which implies that the As orbitals are completely
occupied by electrons. The spin density is also mostly
localized around the Cr atoms.
To see the different contribution of bands and the or-
bital origin of magnetism, in Fig.5 the t2g and eg orbitals
of Cr and p orbital of As are further decomposed. The
d2
z
orbital is completely empty in the spin-down state
whereas it is almost occupied in the spin-up state. The
dx2−y2 electrons of the eg band in the spin-up state is
itinerant, whereas they are localized in the spin-down
state. Thus it is elusive that the magnetic moment in
the eg band is mainly dominated by the d
2
z
orbitals of
Cr. The dzx/dzy and dxy orbitals of the t2g band are par-
tially occupied in the spin-up state and behave as metal
whereas they are insulator in the spin-down state. The
p orbital of As is also effected by the crystal field of the
hexagonal symmetry. These are the hybridized pz elec-
trons of As with Cr-d that contribute to metallicity in
the spin-up state, whereas the spin-down band is com-
pletely occupied. Hence, due p-d hybridization all elec-
trons are partially occupied in the spin-up band of As and
the spin-down band remains completely filled. Within
the double-exchange model, the conducting electrons in
the hybridized bands can play a vital role in establishing
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FIG. 5: Partial Density of State of 2D-CrAs. The vertical line
shows the Fermi energy ,which is set to zero eV. The upper
(middle) panel shows the eg (t2g) orbitals of Cr, whereas the
lower panel shows the p orbitals of As atoms. The top panel
shows the combined eg and t2g orbitals of Cr. Note that the
positive (negative) PDOS on the vertical axis shows spin-up
(spin-down) DOS.
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FIG. 6: Calculated phonon dispersions of 2D-CrAs.
ferromagnetism in 2D-CrAs. Fig.5 also shows the com-
bined PDOS of t2g and eg and one can clearly see that
the dx2−y2 and dxy orbitals strongly hybridize because
they are symmetrically equivalent.
Before discussing the FM and AFM interaction, it is
necessary to address the thermodynamic stability of 2D-
CrAs, which is investigated using phonon. The phonon
dispersions along selected high symmetry directions in
the BZ are shown in Fig.6. As can be seen from Fig.6,
the phonon spectra reveal positive frequencies along all
directions, which indicates that 2D-CrAs is dynamically
stable. Further experimental work would be needed to
synthesize monolayer of CrAs. To explore potential ap-
plications of 2D-CrAs in magnetic storage, it is essential
to calculate its magnetic anisotropy energy (MAE). Our
preliminary results show that 2D-CrAs exhibits a large
5MAE of 1.20 meV per Cr atom. Finally, using the opti-
mized a, we considered a 2× 2 × 1 supercell to consider
FM and AFM coupling between the Cr atoms. Interest-
ingly we found that the FM state is more stable than the
AFM state by 28 meV/f.u. (there are 4 f.u. in 2× 2× 1
) of CrAs. We also checked the FM stability of planar
CrAs against the AFM state, and we observed that the
planar CrAs also prefers the FM state by 25 meV/f.u.
against the AFM state. We must note that the bulk CrAs
has AFM ground state,24,25 but the magnetic interaction
strongly depends on the Cr-Cr separation.38 To estimate
the Curie temperature Tc, we map the energetics of 2D-
CrAs onto an Ising model Hamiltonian on a triangular
lattice with nearest neighbor interactions between the
magnetic spins, and followed our previous procedure.16
Our DFT estimated Tc is about 150 (137) K for buck-
led (planar) 2D-CrAs, and therefore ferromagnetism in
monolayer of CrAs is expected. Thus we believe that
2D-CrAs can be a true half-metal ferromagnetic around
room temperature.
To summarize, extensive ab-initio calculations were
carried out to probe the stable electronic and magnetic
structures of 2D-CrAs. 2D-CrAs has low buckled struc-
ture. The electronic structure of 2D-CrAs shows 100%
spin polarization with magnetic moment of 3.0 µB. FM
2D-CrAs is more stable than AFM one. The thermo-
dynamic stability of 2D-CrAs is checked using phonon
calculations. We believe that 2D-CrAs can be an other
material for nanoelectronic spintronic devices.
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